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ABSTRACT 
.Results of the first three months of an effort to 
develop silicon solar cells optimized for space exploration 
power systems are reported. The major emphasis to date has 
been on solar cells for near-sun missions (Mercury +and Venus). 
Attention has been focussed on thermal characteristics and 
series resistance. Production of sample cells has begun. 
iii 
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1.0 Summary 
T h i s  i s  the f irst  q u a r t e r l y  r epor t  on a one year  program t o  
develop optimized s i l i c o n  s o l a r  cel ls  f o r  space exp lo ra t ion  
power systems. It covers  the w o r k  performed dur ing  the 
per iod 1 A p r i l  1970 through 30 June 1970, 
T h e  o b j e c t i v e  of t h e  program is t o  develop optimized s i l i c o n  
s o l a r  cel ls  f o r  use on spacec ra f t  missions operable  a t  
h e l i o c e n t r i c  orbi ts  between 0.1 and 15 A.U. T h e  i n v e s t i g a t i o n  
i s  both  t h e o r e t i c a l  and experimental  i n  na ture .  
For t h i s  r e p o r t i n g  per iod,  emphasis has been placed upon 
optimized solar  cells  for  Mercury and Venus missions,  w i t h  
far-sun mission requirements r ece iv ing  less a t t e n t i o n .  For 
t h e s e  near-sun missions,  t he  major l o s s  f a c t o r  is i n t e r n a l  
series r e s i s t a n c e ,  and means t o  reduce t h i s  r e s i s t a n c e  have 
been s tud ied .  The  important v a r i a b l e s  w e r e  d i f f u s i o n  sheet 
r e s i s t a n c e ,  bulk r e s i s t i v i t y  and c o n t a c t  p a t t e r n .  I n  add i t ion ,  
cel ls  for  Mercury ope ra t ion  have been designed t o  reflect a 
s i g n i f i c a n t  po r t ion  of the inc iden t  r a d i a t i o n  t o  decrease the 
ce l l  temperature.  
An equat ion w a s  developed t o  re la te  output  power t o  inc iden t  
i r r a d i a t i o n  and cell  temperature over a reasonably w i d e  range 
of opera t ion .  T h i s  equat ion was used i n  the r e f l e c t i n g  area 
opt imiza t ion  but  can be used f o r  des ign  purposes as w e l l ,  
A hypothesis  that s h i f t i n g  t h e  a n t i - r e f l e c t i o n  coa t ing  
wavelength would provide more power from a Mercury c e l l  w a s  
tested and proven false.  
Some of the theoretical conclusions are rather broad and 
p r e c i s e  va lues  cannot be j u s t i f i e d .  Experimental c e l l  
f a b r i c a t i o n  i s  necessary t o  determine these values .  
2-0 In t roduct ion  
This  i s  the first q u a r t e r l y  r e p o r t  on a one year  program t o  
develop optimized s i l i c o n  solar ce l l s  f o r  space exp lo ra t ion  
power systems. It covers  w o r k  performed dur ing  the per iod 
1 A p r i l  1970 through 30 June 1970. 
Emphasis has been placed upon optimized s o l a r  cel ls  f o r  
Mercury and Venus missions,  w i t h  far-sun mission requirements 
r ece iv ing  less a t t e n t i o n .  For these near-sun missions,  the 
major l o s s  f a c t o r  is i n t e r n a l  series r e s i s t a n c e ,  and means t o  
reduce t h i s  loss have been s tud ied ,  Variables included base 
r e s i s t i v i t y ,  d i f fused  layer  sheet r e s i s t a n c e  and con tac t  
p a t t e r n .  An equat ion  g iv ing  power as a func t ion  of s o l a r  
i r r a d i a n c e  and cel l  temperature  w a s  der ived  and appl ied  t o  
a computer program t o  f i n d  the optimum r e f l e c t i n g  area for  
Mercury ce l l s ,  T h e  e f f e c t s  of s h i f t i n g  the a n t i - r e f l e c t i o n  
coa t ing  th i ckness  w a s  s tud ied ,  
3 .O Technical  Discussions 
3 e 1 Temperature Calcu la t ions :  
T h e  equi l ibr ium temperature  of a s o l a r  c e l l  i n  
space depends upon i t s  own thermal characterist ics 
and upon the inc ident  power. Rather than  begin 
w i t h  a set of assumed temperatures  f o r  the f i v e  
condi t ions  under s tudy ,  the temperatures  w e r e  
ca l cu la t ed  us ing  the equat ion:  
01 0.25 * T 
4- E 2  
where 
Q! = f r o n t  sur face  s o l a r  absorptance (0.81) 
€1 = f r o n t  su r f ace  hemispherical  emit tance (0.84) 
c 2  = assumed back su r face  emit tance (0,9) 
S = s o l a r  cons tan t  a t  D=l (0.136 W-cm-2) 
D = s o l a r  d i s t a n c e  i n  as t ronomica l  u n i t s  (Earth=l) 
0 = Stefan-Boltzmann cons tan t  (5.6686 x Watts - 
cm'2 - d e ~ 3 - ~  
-6- = angle  of inc idence  (0,  cos -e -=  1) 
T = temperature  (OK) 
n = s o l a r  c e l l  e f f i c i e n c y  
T h e  e f f i c i e n c y  i s  based upon t o t a l  c e l l  area, and va lues  
ranging from 0-01 a t  Mercury t o  0-16 a t  J u p i t e r  (as shown i n  
F igure  1) are assumed, The s o l a r  cons tan t  of  0,136 W-cm-2 
i s  a recent  va lue  (Reference 1) and i s  considered more 
accura te  than  ear l ier  estimates, 
2 
Figure 1 shows the ca l cu la t ed  temperatures ,  All 
of these temperatures a r e  reasonable except the 246OC 
temperature f o r  a Mercury o r b i t .  Very l i t t l e  output 
i s  a v a i l a b l e  from a c e l l  a t  t h i s  t empera tu re t in  s p i t e  
of the fact  t h a t  the i r r a d i a n c e  i s  high.  By increas-  
ing  the r e f l e c t i v e  contac t  area of a c e l l  f o r  Mercury 
opera t ion ,  the temperature can be lowered and the 
power increased.  
3.2 Power Calcu la t ions :  
I n  o rde r  t o  success fu l ly  use  a d i g i t a l  computer t o  
optimize the por t ion  of a c e l l  t o  be r e f l e c t i v e ,  an 
equat ion r e l a t i n g  output power t o  input  power and 
c e l l  temperature must be found. By a vol tage-axis  
s h i f t i n g  procedure,  the curves of Figure 2 w e r e  
analyzed t o  f ind  their  r e l a t i v e  maximum power po in t s  
as a func t ion  of temperature,  T h e  temperatures used 
w e r e  28, 72, 117, 161 and 205OC, corresponding t o  
a x i s  sh i f t s  of 0, .1, .2 ,  .3 and .4 v o l t s  r e spec t ive ly .  
These r e l a t i v e  powers w e r e  p l o t t e d  and s t ra ight  l i n e s  
a r b i t r a r i l y  f i t t e d  wi th in  the a r e a  marked "range of 
i n t e r e s t "  i n  Figure 3. An equat ion w a s  then  der ived 
t o  represent  th i s  d a t a  wi th in  the range of i n t e r e s t .  
T h e  equat ion is: 
P = 143 S (2*10-6T2-2.11x10-3T+.389)+.13-2.24*10-4T r 
b 
w h e r e  
p = power from 2x2 ce l l  ( R e f .  59mW a t  AM=O, 28OC) 
s = s o l a r  cons t an t s  = 1 / ~ 2  
T = temperature OC 
T h i s  equat ion f i t s  the observed d a t a  t o  w i t h i n  s e v e r a l  
percent  
3 . 3  Grid Pa t t e rns :  
The  above equat ions w e r e  used i n  a computer program 
w h e r e  the por t ion  of the s o l a r  c e l l  area made r e f l e c t i v e  
was var ied  and the equi l ibr ium temperature and output  
power c a l c u l a t e d .  T h e  optimum c e l l  under these condi t ions  
is one w i t h  61% of the top su r face  r e f l e c t i v e  (%=Oel) , 
and i t s  temperature and power are 156.3OC and 44.8mW 
respec t ive ly  a t  D=.39. When the same a n a l y s i s  w a s  
appl ied f o r  D = , 7 2  (Venus), it showed an optimum r e f l e c t -  
ing  a r e a  of 0, i n d i c a t i n g  temperature control  by t h i s  
means i s  not needed a t  Venus, 
To determine the optimum g r i d  p a t t e r n  f o r  a Venus 
c e l l  (based on g r id  l i n e  w i d t h  of 0.2mm), equat ion 
149 from Reference 2 w a s  solved,  T h e  W used w a s  1-92, 
the Jd was ,075A cm-2 and Vmp was 0 ,3  v o l t s .  Several  
g r i d  l i n e  r e s i s t a n c e s  and d i f fused  su r face  sheet 
r e s i s t a n c e s  w e r e  used, The optimum spacing fa r  a 30 
ohms /sq- sheet r e s i s t a n c e  and a ,005 ohm / sq. gr id  
l i n e  sheet r e s i s t a n c e  was ,178  c m ,  y i e l d i n g  a 10 g r i d  
c e l l ,  shown i n  Figure 4 .  
Using the same method of a n a l y s i s  w i t h  s l i g h t  modifi- 
c a t i o n s  t o  allow a v a r i a b l e  g r id  l i n e  width,  a four- 
g r i d  p a t t e r n  w i t h  3mm wide g r i d s  was der ived f o r  
Mercury. For s e v e r a l  reasons,  it w a s  f e l t  t h a t  a 
"checkerboard" p a t t e r n  would be more advantageous, so 
the p a t t e r n  shown i n  Figure 5 was devised.  
3.4 O t h e r  Parameters: 
For a Mercury ce l l ,  the s o l a r  energy must  be l imi t ed .  
It has been demonstrated t h a t  s p e c t r a l  f i l t e r i n g  i s  
e f f e c t i v e  i n  reducing the temperature.  (Reference 3 )  
It was hypothesized t h a t  s h i f t i n g  the S i 0  a n t i -  
r e f l e c t i v e  coa t ing  from 800% t o  122oA,, corresponding 
t o  a minimum r e f l e c t i o n  wavelength sh i f t  from 6080A 
t o  9120% would lower the temperature and inc rease  
power. To tes t  t h i s  hypothes is ,  s o l a r  absorptance 
w a s  determined us ing  20 selected o rd ina te s  based upon 
ca l cu la t ed  r e f l e c t a n c e s  from the S i - S i 0  system. T h e  
temperature w a s  ca l cu la t ed  from t h i s  s o l a r  absorptance,  
holding o the r  parameters cons t an t .  A s  shown i n  
Figure 6 ,  the s o l a r  absorptance and the termperature 
a r e  indeed lowered and the power increased.  However, a 
loss i n  power due t o  these same r e f l e c t i o n s  w a s  
ca l cu la t ed  t o  be g r e a t e r  than the ga in  due t o  reducing 
t'rle temperature,  Consequently, the present  coa t ings  are 
near-opt imum e 
T h e  o p t i c a l  and e l e c t r i c a l  characteristics of the 
d i f fused  l aye r  are not s u f f i c i e n t l y  understood t o  a l low 
a mathematical op t imiza t ion ,  A s  the sheet r e s i s t a n c e  
is  lowered from an AM=O, lAu value of about 3 3  ohms per 
square,  the series r e s i s t a n c e  and the cu r ren t  d e n s i t y  
both decrease ,  T h e  change i n  series r e s i s t a n c e  i s  
c a l c u l a b l e  and has been included i n  the g r i d  optimiza- 
t i o n  s t u d i e s ,  T h e  loss i n  cu r ren t  i s  not c a l c u l a b l e ,  
so p i l o t  production w i l l  "fine-tun e "  the sheet r e s i s t a n c e ,  
-4 - 
S t a r t i n g  values  a r e  25 ohms per  square f o r  Venus 
cells  and 20 ohms per square for  Mercury ce l l s ,  
T h e  base r e s i s t i v i t y  problem is no less complex. 
Theory i n d i c a t e s  tha t  lowering the base r e s i s t i v i t y  
t o  0 .1  ohms-cm o r  even lower shoul-d decrease the 
series r e s i s t a n c e  and the cu r ren t  dens i ty  w h i l e  
i nc reas ing  the c e l l  vo l tage ,  f o r  a ne t  ga in .  
P r a c t i c a l  c e l l s  have not achieved these predic ted  
r e s u l t s ,  A f e w  experimental  ce l l s  nea r  0.5 ohm-cm 
have proven good, but  t h i s  cannot be expected i n  
production. Consequently, base r e s i s t i v i t i e s  i n  the 
range 0.8 t o  1.5 ohm-cm w i l l  be used f o r  both Mercury 
and Venus cel ls .  
3 .5 Matrix Experiments: 
Severa l  suggest ions have been made t o  conduct matr ix  
experiments.  T h e  c r i t i c a l  parameters would be system- 
a t i c a l l y  var ied between predetermined l i m i t s  and t h e  
r e s u l t i n g  cel ls  would be measured under var ious  
condi t ions  t o  determine their  s u i t a b i l i t y .  T h e  
v a l i d i t y  of matr ix  experiments relies upon the know- 
ledge t h a t  the v a r i a b l e s  a r e  independent.  Two matrices 
under cons idera t ion  are shown i n  Figures  7 and 8. 
4 e 0 Conclusions 
Near-optimum s o l a r  cel ls  have been designed f o r  opera t ion  
near Mercury and Venus e Fine-tuning through p i l o t  production 
w i l l  al low opt imiza t ion  of parameters that  a r e  not  w e l l  
def ined by theo ry -  
5.0 Recommendations 
It i s  recommended that  the a n a l y s i s  phase be extended t o  
a l low f u r t h e r  a n a l y s i s  of the r e s u l t s  of the experimental  
f a b r i c a t i o n  phase.  k 
6.0 New Technolow 
No repor t ab le  i t e m s  of new technology have been i d e n t i f i e d  
dur ing  performance of t h i s  work. 
-5 -  
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EXPERIMENTnL D I I S I G N  
3 x 3 GRECO-LATIN SQUPRE 
RESISTIVITY, OHM-CM 
O e 4 p % F -  Contact  
t- Al-Ti-Ag 
Contact  
6 G r i d s  
1 
I ~1 Contact  
I 1 2  G r i d s  
NOTES: 1. 
2 .  
3 .  
2 
A 1  Contact 
6 G r i d s  
T i -P d -A g 
Contact 
1 2  G r i d s  
A l-Ti-Ag 
Contact  
3 G r i d s  
1 0  
A 1 -T i -A g 
Contact 
12 G r i d s  
A 1  Contact 
3 G r i d s  
Ti-Pd-Fg 
Contact 
6 G r i d s  
A t o t a l  of 9 t e s t  groups. 
Samples w i l l  be measured under i l lumina t ion  
equiva len t  t o  Mercury and J u p i t e r  cond i t ions .  
L i m i t e d  samples w i l l  be evaluated under 
i l l umina t ion  and temperature  equiva len t  t o  
Mercury and J u p i t e r  cond i t ions .  
F I G U R E  7 
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Resistivity 
Contact 
Junction Depth 
EXPERIMENTAL DESIGN 
A, O.lncm 
B. Ti-Ag 
c. 0.4p 
a. 10ncm 
b. Al-Ti-Ag 
c. 2p 
I. 
11. 
On first group of experiment, the cells will have no grid 
lines. 
Matrix of Experiments 
1. 
2. 
3 .  
4. 
5. 
6. 
7. 
8. 
ABC 
AbC 
AbC 
ABc 
aBC 
aBc 
abC 
abc 
Repeat matrix in I except that cells will have six grid lines. 
Notes: 1. Each experiment will have 96 cells. 
2. As this series of,experiments is to evaluate 
electrical output, Ti-Ag contact instead of 
Ti-Pd-Ag contact will be used. 
3 ,  Samples will be measured under illumination 
equivalent to Mercury and Jupiter conditions. 
4. Limited samples will be measured under 
illumination and temperature equivalent to 
Mercury and Jupiter conditions. 
5. Spectral response will be measured whenever 
it appears to be desirable. 
F I G U R E  8 
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